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The increasing demand for clean water has spurred research into the development 
of materials and processes for water remediation. Recently, BiVO4 has been 
found to show photocatalytic activity in the degradation of organic pollutants 
under visible light. The aim of this work is to investigate whether changes in the 
synthesis conditions can affect the crystallinity, exposed planes, crystallite sizes, 
and photoactivity of BiVO4. The variables include starting materials, the quantity 
of ethanolamine additive, temperature, pH and time. The degradation of organic 
pollutants like Rhodamine B (RhB) was tested.  
Using BiCl3 as the starting material, the BiVO4 formed contained BiOCl as 
an impurity. By adjusting the synthesis parameters, almost pure BiVO4 phase 
could be obtained by a hydrothermal treatment at 110 °C for 12 h under an acidic 
pH of 2.32. However, the synthesized BiVO4 showed low photocatalytic activity 
for degradation of RhB.  
Changing the starting material to Bi(NO3)3 resulted in pure BiVO4. However, 
hydrothermal treatment at 140 °C resulted in BiVO4 with both tetragonal and 
monoclinic structure. A higher hydrothermal temperature of 160 °C was necessary 
to prepare single phase scheelite-monoclinic BiVO4. The addition of 
ethanolamine had no significant effect on preferential formation of the (040) 
crystal plane. The use of ammonia to adjust the pH resulted in highly crystalline 
BiVO4 that showed far better photoactivity than those formed using ethanolamine. 
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Of these, the sample prepared at pH 6 was the most active for photodegradation of 
RhB. The results showed that synthesis at a higher pH led to lower density of (040) 
facets but higher photocatalytic activity. Hence, it can be concluded that the 
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Chapter 1  
1. Introduction 
1.1 General introduction 
Photocatalysis is the one of the most promising options to relieve resource 
shortage and energy crisis. Photocatalysts can convert solar energy to chemical 
energy. As a result, photocatalysts  has been getting research attention [1]. The 
type of photocatalysts and the mechanisms by which the photocatalytic reaction 
takes place are important factors that affect the degradation efficiency of the 
organics [2]. There are many types of photocatalysts such as TiO2, ZnO, ZrO2 and 
CdS, etc. TiO2 is a very popular photocatalyst due to its strong oxidation 
capability and chemical stability. It is commonly used as a criterion to evaluate 
other photocatalysts although it can only utilize UV-light, which restricts its 
applications [3]. Hence, studies into visible-light active photocatalysts such as 
CaIn2O4 [4], Bi2WO6 [5], AgAlO2 [6] and BiVO4  [7] have received attention.  
 
1.2 Properties of BiVO4  
BiVO4 is an environmentally friendly semiconductor material that is chemically 
stable. After surface modification, BiVO4 is resistant to strong acids, alkalis and 
other organic solutions. BiVO4 can absorb at wavelengths > 500 nm, making it a 
visible light active photocatalyst with potential to degrade industrial sewage. 
BiVO4 exists in three crystalline structures: scheelite-monoclinic (s-m), scheelite-
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tetragonal (s-t) and zircon-tetragonal (z-t) (Fig. 1-1) [8, 9]. The cell parameters of 
scheelite-monoclinic are a = 5.196 Å, b = 5.094Å, c = 11.704 Å, Ƴ=90.383°; the 
cell parameters of scheelite-tetragonal are a = 5.105 Å and c =11.577 Å. Zircon-
tetragonal BiVO4 has a = 7.303 Å and c = 6.584 Å (JCPDS diffraction file: 14-
688).  
Fig. 1-1. Crystal structures of BiVO4  (a) scheelite-monoclinic; (b) scheelite-










Figure 1-2 shows the transformation between the phases [9-11]. Although the 
structure of tetragonal BiVO4 is similar to the monoclinic form, monoclinic 
scheelite-type BiVO4 has been reported to show higher photocatalytic activity 
than the other two phases for O2 evolution under visible light irradiation [12]. In 
addition, the photocatalytic activity also depends on morphology and 
microstructure of surface. Smaller particles and higher crystallinity are helpful for 
the separation of photogenerated electrons and valence band holes, reducing the 
probability of electron-hole recombination.   
 
   Irreversible, 350 - 450 °C  
 
 
Fig. 1-2. Crystal structure changes of BiVO4. 
 
1.3 Applications of BiVO4 
1.3.1 Degradation of pollutants  
The textile industry produces colored pollutants and a large quantity of salts. Azo 
dyes account for a large proportion of the dyes used. Azo dyes contain (-N=N-) 
scheelite-monoclinic 
T > 255 C  
 
scheelite-tetragonal 
T< 255 C  
 
zircon-tetragonal 
Reversible, 255 C 
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groups, which is hard to degrade due to their stability. Hence, a large quantity of 
dye remain in the water after processing [13]. It is hard for traditional biological 
methods to degrade wastewater containing dyes to the standards required for 
discharge. Castillo et al [4] used spherical monoclinic BiVO4 particles to 
decompose methylene blue to azure intermediate products although the 
chromophoric structure was not destroyed. The decolourization ratio reached 
more than 80% after 180 minutes. Zhou et al [15] utilized sonochemistry in the 
presence of monoclinic BiVO4 to degrade methyl orange. About 90% 
decolourization ratio was reached after 30 minutes. Yin et al [16] added 
cetyltrimethylammonium bromide (CTAB) in the synthesis of BiVO4 and showed 
that 10
-5 
mol/L Rhodamine B was completely decolorized within 70 min. The 
BiVO4 maintained its high photocatalytic activity even after recycling for 5 times. 
The use of BiVO4 for the degradation of highly toxic hexavalent chromium 
in wastewater has been reported [11]. BiVO4 can also degrade surfactants in 
wastewater. Household sewage contains a large quantity of surfactants, which can 
produce foam and nasty smells. Kohtani et al [17] reported the use of Ag/BiVO4 
for long-chain alkylphenols.  
 
1.3.2 Antibacterial properties 
Xie et al [18] found that the bacteria, Escherichia Coli, could be destroyed after 
visible light for 90 min in the presence of BiVO4. Under visible light irradiation, 
the holes formed can destroy the cell wall and cytoplasmic membrane due to their 
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strong oxidation property. As a result, the cell contents are released, preventing 
the multiplication of the bacteria.  
 
1.3.3 Removal of gaseous pollutants  
Harmful indoor gas comes from decorating materials and furniture, which can 
release formaldehyde and benzene. The odour is harmful for people. There are 
physical adsorption methods, chemical neutralization and negative air ions to 
remove these gases. These methods have some drawbacks, such as saturation 
adsorption, complex preparation and high cost. Upon irradiation of BiVO4, the 
formation of electrons and holes can lead to chemical reactions that degrade these 
hazardous substances [10]. It is reported that the degradation of methylbenzene 
can be high as 90% with Cu-BiVO4 under UV-light for 5 h [19].  
 
1.4 Synthesis of BiVO4 
Despite its high atomic weight, bismuth is considered green metal due to its non-
toxic and non-carcinogenic character. The preparation of BiVO4 include high 
temperature solid-phase reaction [20], chemical precipitation, microwave 
irradiation and hydrothermal treatment [21, 22]. A bismuth (III) salt is typically 




1.4.1 High temperature solid-phase reaction 
High temperature solid-phase reaction is commonly used. A mixture of BiPO4, 
NH4VO3, MgO and CaO  was used to prepare BiVO4 at 850°C [23]. The method 
is simple but it is restricted by diffusion as the components are in solid state. 
Hence, high temperatures and a long synthesis time are required. The final sample 
has irregular morphology, coarse particles, impurities and low photocatalytic 
activity.  
 
1.4.2 Hydrothermal synthesis  
Compared with high temperature solid-phase synthesis, the crystallinity and 
purity of the hydrothermally-synthesized BiVO4 are improved. Studies have 
shown that the preparation conditions such as starting materials, temperature, pH 
and templating agents can affect the anisotropy of the crystals formed [23]. Chen 
et al [24] prepared the BiVO4 sample at pH 7 from Bi(NO3)3
.
5H2O and NH4VO3. 
Pure monoclinic BiVO4 was obtained after hydrothermally synthesis at 160 °C to 
195 °C for 16 h. However, hydrothermal synthesis at 195 °C for 2 h gave a 
mixture of monoclinic and tetragonal phases and a longer time of 6 h was 
necessary to form the pure monoclinic phase. The prepared BiVO4 could convert 
CO2 to CH4 when bubbled into a solution of NaOH and Na2SO3.  
The pH value has a big effect on the crystallinity of BiVO4. Gao et al [25] 
used Bi(NO3)3•2H2O and NH4VO3 to prepare BiVO4 by adding NH4OH to adjust 
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pH. The BiVO4 formed at low pH has the zircon-tetragonal phase but increasingly 
more monoclinic phase was present for pH above 3. The BiVO4 obtained at pH 7 
contained only the monoclinic phase.  
The ratio of Bi/V is another factor affecting the crystalline structure. Zhang 
et al [26] used different ratios of Bi(NO3)3
.
5H2O and NH4VO3 at 160 °C for 10 h  
to prepare BiVO4. For Bi/V ratio of 1:2, the BiVO4 sample had both tetragonal 
and monoclinic phases. The size and morphology were not uniform. When the 
Bi/V ratio was 1:1 and 2:1, pure monoclinic BiVO4 was formed. Furthermore, the 
morphology and size of the particles were uniform. Hence, a higher ratio of Bi to 
V was helpful for the formation of monoclinic BiVO4. Wu et al [27] compared the 
use of V2O5 and NaVO3 as a substrate for making BiVO4. The NaVO3 was 
prepared by dissolving V2O5 and NaOH in distilled water for 12 h. The V source 
was mixed with Bi(NO3)3
.
5H2O in a 1:1 molar ratio and the pH was adjusted to be 
7 by adding NaOH before hydrothermal synthesis at 100 °C to 200 °C for 12 h. A 
lower temperature was required to form pure monoclinic BiVO4 when using 
NaVO3 as compared to V2O5. Nanoplatelets of BiVO4 were obtained using 
NaVO3 while BiVO4 synthesized from V2O5 consisted of agglomeration of small 
rod particles. Hence, starting material plays an important role on the morphology 
of samples. 
Besides the inorganic chemicals, surfactants have also been used in the 
synthesis of BiVO4. These include sodium dodecyl benzene sulfonate (SDBS), 
sodium dodecyl sulfate (SDS), polyvinyl alcohol (PVA), and 
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hexadecyltrimethylammonium bromide (CTAB).  Kudo et al [2] prepared BiVO4 
nanofibers of 1 – 3 m length and 100 nm diameter using CTAB as a template.  
Zhang et al [26] formed nanoparticles of BiVO4 with diameter of 50 – 200 nm by 
adding PVA. The results showed that the addition of CTAB led to the formation 
of flower-like aggregation, and the size of aggregation is 12 um. The addition of 
PVP led to the bread-like flat BiVO4 of ~ 8 m. The structure of BiVO4 samples 
were not affected by adding surfactants and kept pure monoclinic phase. Dong et 
al [28] prepared nano-rods of heterogeneous length-diameter ratio based on the 
template polyethylene glycol (PEG 4000) and reported that these rod-like BiVO4 
had good photocatalytic activity for methylene blue degradation.  
Xi and Guo [29] used BiCl3 and NH4VO3 as starting materials to prepare 
BiVO4 nanoplates with exposed {001} facets.  Ethanolamine was added to adjust 
pH 6.15 in the preparation. The BiVO4 with higher (040) peak intensity were 
more effective in degrading organic pollutants in the visible-light. Zheng et al [30] 
dissolved Bi(NO3)3
.
5H2O into HNO3 and NH4VO3 into NaOH solution. Sodium 
dodecyl benzene sulfonate (SDBS) was also added each solution separately. After 
mixing and adjusting the pH to 7 with NaOH, the suspension was heated at 
160 °C for 45 min to 120 min. Tetragonal BiVO4 was obtained after 60 min while 
after 75 min, scheelite-monoclinic phase was formed. From TEM results, the 
amorphous precursors first crystallized to form tetragonal nanocrystals and then 
transformed into monoclinic BiVO4 nanosheets. The BiVO4 nanosheets showed 
higher photocatalytic activity than bulk material. This may due to higher surface 
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area and larger atom density of the {010} lattice plane which has been proposed 
to be photocatalytically active.   
Wei et al [31] dissolved vanadium oxytriisopropoxide into isopropanol and 
added it to Bi(NO3)3
.
5H2O in HNO3. After adjusting the pH to 7 with 25 wt % 
ammonia solution, the sample was subjected to hydrothermal synthesis at 180 °C 
for 12 h. The BiVO4 formed was monoclinic and comprised of nanosheets 
assembled into spheres. The sample showed higher activity than P25 for 
degrading methylene blue (MB) under visible light. This was attributed to the 




), narrow band gap ( 2.42 eV) 
as well as the hierarchical spheres offering more active sites for the degradation of 
pollutants.  
 
1.4.3  Sol-gel method 
The formation of BiVO4 by the sol-gel process, followed by treatment under high 
temperatures gives high purity BiVO4 with good crystallinity. Using the sol-gel 
method, Liu et al [32] prepared monoclinic BiVO4 by photoassisted sol-gel 
method. The reactants, BiCl3, VO(OC3H7)3, and sodium isopropoxide, were 
mixed into solution with UV light illumination. The BiVO4 formed showed good 
photoactivity for O2 evolution from FeCl3 solution under visible light. The OH
-
 
loses an electron and Fe
3+
 acts as a sacrificial electron acceptor in the oxidation-
reduction reaction. They attributed the good activity to the formation of well-
10 
 
separated small-size particles as observed from SEM and that X-ray photoelectron 





1.4.4 Microwave synthesis 
Microwave synthesis has many merits, such as short reaction times to reach 
homogenous status, good reproducibility, energy saving, etc. In practical 
application, microwave synthesis is combined with hydrothermal synthesis to 
prepare nanometer catalytic materials. Liu et al [33] dissolved V2O5 in NaOH 
(Na/V=1) to make NaVO3 solution. After adding Bi(NO3)3
.
5H2O and 
cetyltrimethylammonium bromide (CTAB), the solution was put in the 
microwave for 10 - 40 min. Microwave irradiation for 10 min formed spherical 
nanometer tetragonal BiVO4. Extending the reaction time to 40 min resulted in 
the formation of plate-like nanometer monoclinic BiVO4. Hence, BiVO4 could be 
synthesized at short times and low temperatures using microwave synthesis. 
 
1.4.5 Other syntheses 
Table 1-1 gives other preparation methods for BiVO4 [15, 34, 35]. 
Table 1-1. Preparation of monoclinic BiVO4 
Starting  
materials 
Method of  
preparation 
Crystalline phase  
& morphology 
Catalytic activity 
Bi2O3, V2O5 Ball milling Tetragonal nano-













Eg 2.45 eV, good 
photocatalytic activity for 
methylene  blue 
Bi2O3, NH4VO3 Solid state 
sintering   
Monoclinic 
spherical particle 
Eg 2.45 eV, good 
photocatalytic activity for 





Liquid phase Monoclinic Quantum efficiency  










ultrasonication Monoclinic (50 
nm) 
Eg 2.45 eV, 90 % 
degradation of methylene 
blue for 30min 
 
1.5 Aims of the present study 
The aim of this work is to investigate whether changes in the synthesis conditions 
can affect the crystallinity, exposed planes, crystallite sizes, and photoactivity of 
BiVO4. The variables include starting materials, the quantity of ethanolamine 
additive, temperature, pH and time. The degradation of an organic dye, 
Rhodamine B (RhB), was tested. 
 
References 
[1]    D. Wang, R. Li, J. Zhu, J. Y. Shi, J. F. Han, X. Zong, C. Li. J. Phys. Chem.    
         C, 2012. 116, 5082. 
[2]    A. Kudo,  K. Ueda, H. Kato, I, Mikami. Catal. Lett., 2006, 16, 2163. 
[3]    J. G. Yu, H. G. Yu, B. Cheng, X. J. Zhao, J. C. Yu, W. K. Ho. J. Phys. Chem.             
12 
 
         B, 2003, 107, 13871. 
[4]   W. K. Chang, K. K. Rao, H. C. Kuo, J. F. Cai, M. S.Wong. Appl. Catal. A., 
2007,321, 1. 
[5]    C. Zhang, Y. Zhu. Chem. Mater., 2005. 17, 3537. 
[6]    S. X. Ouyang, H. T. Zhang, D. F. Li, T. Yu, J. H. Ye, Z. G. Zou. J. Phys.    
         Chem. B, 2006, 110, 11677. 
[7]     S. S. Dunkle, R. J. Helmich, K. S. Suslick. J. Phys. Chem. C, 2009, 113,   
          11980. 
[8]      H. M. Luo, A. H. Mueller, T. M. McCleskey, A. K. Burrell,  E. Bauer, Q.   
           X. Jia. J. Phys.Chem. C, 2008, 112, 6099. 
[9]      A. K. Bhattacharya, K.K. Mallick, A. Hartridge. Mater. Lett., 1997, 30, 7. 
[10]    J. D. Bierlein, A. W. Sleight. Solid State Commun., 1975. 16, 69. 
[11]    A. R. Lim, S. H. Choh, M. S. Jang. J. Phys.:Condens. Matter, 1995, 7, 
7309. 
[12]     S. Tokunaga, H. Kato, A. Kudo. Chem. Mater., 2001, 13, 4624. 
[13]     C. Tang, V. Chen. Water Res, 2004, 38, 2775. 
[14]     N. C. Castillo, A. Heelet, T. Graule, C. Pulgarin.  Appl. Catal., B, 2010, 95,  
            335. 
[15]     L. Zhou, W. Z. Wang, S. W. Liu, L. S. Zhang, H. L. Xu, W. Zhu. J. Mol.   
           Catal. A: Chem., 2006, 252, 120. 
[16]     W. Z. Yin, W. Z. Wang, L. Zhou, S. M. Sun, L. Zhang. J. Hazard. Mater., 
2010, 173, 194. 
13 
 
[17]     S. Kohtani, J. Hiro, N. Yamamoto, A. Kudo, K. Tokumura, R. Nakagaki.   
Catal. Commun., 2005, 6, 185. 
[18] B. P. Xie. Chin. J. Disinfection, 2010, 27,14. 
[19] J. Suo (PhD thesis), Dalian University of Technology, 2009. 
[20] A. Kudo, K. Ueda, H. Kato, I. Mikami. Catal. Lett., 1998, 53, 229. 
[21] J. B. Liu, H. Wang, S. Wang, H. Yan. Mater. Sci. Eng., B, 2003, 104, 36. 
[22] H. B. Li, G. C. Liu, X. Duan,  Mater. Chem. Phys., 2009, 115, 9. 
[23] L. L. Zhang (PhD thesis), Wuhan University of Technology, 2013. 
[24] Q. Y. Chen, M. Zhou, Y. H. Wang. Chin. J. Chem. Ind. Eng. Progress, 
2010, 29, 443. 
[25]      S. M. Gao, Q. A. Qiao, P. P. Zhao, F. R. Tao, J. Zhang, Y. Dai, B. B. 
Huang,  Chin. J Inorg. Chem. 2007, 23, 1153. 
[26] A. P. Zhang. Chin. J.  Acta Physica Sinica, 2009, 58, 2336. 
[27] J. Wu, F. Duan, Y. Zheng, Y. Xie.  J. Phys. Chem. C, 2007, 111, 12866. 
[28] F. Q. Dong, Q. S. Wu, J. Ma, Y. J. Chen. Phys. Status Solidi A, 2009, 
206,59. 
[29] G. Xi, J. Ye. Chem. Commun., 2010, 46, 1893 
[30] Y. Zheng, J. Wu, .F. Duan, Y. Xie,  Chem. Lett., 2007, 36, 520. 
[31] W. Wei, X. J. Yue, H. L. Cui, X. M. Lü, J. M. Xie. J. Mater. Res., 2013, 
28, 3408. 
[32] H. Liu, R. Nakamura. J. Electrochem Soc., 2005, 152, G856. 
[33] J. B. Liu, H. M. Zhang, H. Wang, W. X. Zhang, Chin. J. Inorg. Chem., 
2008, 24, 777. 
14 
 
[34] K. Shantha, G. N. Subbanna, K. B. R. Varma. J. Solid State Chem., 1999, 
142, 41. 
[35]    H. Q. Jiang, H. Endo, H. Natori, M. Nagai, K. Kobayashi. J. Eur. Ceram.   
          Soc., 2008, 28, 2955. 
  
Chapter 2  
Experimental 
2.1 Catalyst preparation 
Two methods were used for preparing the BiVO4. In one, BiCl3 and NH4VO3 
were used as starting materials to synthesize BiVO4 by 
hydrothermal synthesis method. Another method for preparing BiVO4 was using 
Bi(NO3)3 and NH4VO3 as starting materials. By adding ethanolamine, BiVO4 with 
different crystal facet ratio and photocatalytic activity could be obtained.  
 
2.1.1 Synthesis of BiVO4 with BiCl3 and NH4VO3 
The synthesis of BiVO4 followed that of ref. [1], where BiVO4 with exposed {040} 
facets were preferentially formed.  One mmol of BiCl3 was added to 100 mL of 
deionized water. A white suspension was formed and one mmol of NH4VO3 was 
added to the suspension, whereupon the color of the suspension turned orange. 
The pH of the suspension was 2.28. Ethanolamine (1 M) was added dropwise into 
15 
 
the suspension to adjust pH. With higher pH, the color of suspension became 
yellower. After adjusting the pH to 6.15, the suspension was transferred into a 
Teflon-lined stainless steel autoclave for hydrothermal synthesis. The precipitate 
was washed with water and ethanol three times and dried in the oven. The 
synthesis was repeated with the pH maintained at 6.15, 4.3 and 2.32. The 
influence of hydrothermal temperature was investigated at 110 °C and 160 °C and 
the synthesis time was set to be 12 h and 24 h.  
 
2.1.2 Synthesis of BiVO4 with Bi(NO3)3 and NH4VO3  
NH4VO3 (5mmol) and Bi(NO3)3
.
5H2O (5mmol) were dissolved in 42 mL of 
2.0 M nitric acid solution. Different amounts of ethanolamine were added into the 
solution and the pH value of the solution was adjusted to 2.0 by ammonia solution. 
During the process, the solution was kept stirring until the orange sediments 
appeared. After standing for 2 h, the orange sediment was transferred to 25 mL of 
Teflon-lined stainless steel autoclave. The autoclave was placed in the oven at 
200℃ for 24 h. After the hydrothermal reaction, autoclave was cooled to room 
temperature. The precipitate was washed with water and ethanol three times, and 
dried in the oven at 60℃ for overnight. The hydrothermal temperature was 
changed from 140°C, 160°C to 200°C. The pH was varied from 2, 4, and 6 by 




2.2 Catalyst characterization 
In this study, the main characterization techniques used include powder X-ray 
diffraction (XRD), BET surface area and porosity measurement (BET), 
scanning electron microscope (SEM).  
 
2.2.1 X-Ray powder diffraction 
X-diffraction can be used for identification of compounds. The interaction of X-
rays with samples creates secondary “diffracted” beams of X-rays which are 
related to the interplanar spacing in the crystalline samples according to Bragg’s 
Law [2]: 
2dsinθ = nλ 
where θ is the diffraction angle, n is an integer, λ is the wavelength of the beam, d 
is the space between a particular set of diffracting planes. From the diffraction 
patterns and the d-spacing, the structure and lattice parameters of the unit cell can 
be obtained.  
In this study, the samples were measured with a Siemens 5005 diffractometer 
equipped with a Cu anode and programmable primary and secondary beam slits. 
The Cu anode was typically operated at 40 kV and 40 mA and the measured area 
was set at 20 × 20 mm. The sample was ground into a fine powder and pressed 
tightly on the sample holder to have a smooth and flat surface. A typical setup for 
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the XRD measurement of BiVO4 is as follows: 2θ range from 10°-100° with a 
step size of 0.02° and a dwell time of 1 s/step. 




 , 𝛽 = √𝐵2 − 𝑏2 
where K is a constant (0.9), θ is the diffraction angle, λ is the wavelength of Cu 
K = 0.15418 nm, β is the corrected full width half maximum (FWHM) of the 
peak. The measured peak with FWHM of B is corrected for the instrumental 
broadening, b, using the equation shown above. A standard Si powder was 
measured and its FWHM was taken to be b. Based on the Si(111) reflection at 2θ 
~ 26.77
o
, b was determined to be 1.413 x 10
-3
 rad. Curve fitting was carried out 
using the Topas software.  
 
2.2.2 BET surface area and porosity measurement 
The surface area of a heterogeneous catalyst plays a very important role in its 
activity as it determines the number of active sites. Solids have certain geometric 
shapes, so the surface area can be measured by common instrument and 
calculation. In contrast, it is more difficult to measure the surface area of powder 
or porous substance due to the irregular outer surface and complicated internal 
pores. In 1930’s, Brunauer, Emmett and Teller (BET) extended Langmuir’s 
theory of monolayer adsorption to multilayer adsorption [3]. The BET theory 
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assumes that the uppermost molecules in the adsorbed stacks are in dynamic 
equilibrium with the vapor. This means that where the surface is covered with 
only one layer of adsorbate, an equilibrium exists between that layer and the 
vapor; where two layers are adsorbed, the upper layer is in equilibrium with the 
vapor, and so forth. Also, it assumes that there is no interaction “horizontally” 
between molecules at different sites. Assuming multilayer adsorption of the 





















where V is the volume of gas adsorbed at pressure, P is equilibrium pressure, P
o
 is 
the saturation pressure of the adsorbate at temperature T, Vm is volume for 
monolayer coverage, The constant C is related to the heat of adsorption. However, 
this linear relationship is only fulfilled in the range of 0.05 <P/P
°
< 0.35 for most 
experimental cases. Thus Vm can be determined by solving the slope and intercept 
in a plot of 1/[V(P
o
/P -1)] vs P/P
o






where Ax is the cross sectional area of the adsorbate (for nitrogen Ax = 16.2 Å
2
), 
Vm is the molar volume of adsorbate gas, and NA is the Avogadro’s number. The 
specific surface area can be calculated by dividing St by the sample weight. 
Nitrogen is usually employed as the adsorbate, although argon or xenon can be 
used to measure samples with low surface areas. 
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In these experiments, the sample (~ 1 g) was degassed in a sample tube under 
a N2 flow at 300 ºC for 4 h (for calcined samples) or 120 ºC for 6 h (for 
uncalcined samples) to remove any adsorbed moisture. After degassing, the dry 
weight of the sample was obtained. The sample was transferred to the analysis 
port of a Micromeritics Tristar sorptometer. The sample was cooled to a 
temperature of 77 K for physical adsorption of nitrogen gas at the surface of the 
sample. The total pore volume was determined from the volume adsorbed at P/P
o
 
of 0.99. The adsorption-desorption isotherms for the solid samples are 
automatically measured by the Micromeritics Tristar 3000. The surface area was 
calculated according to BET equation while the Barrett-Joyner-Halenda (BJH) 
method was used to obtain the pore size distribution. The micropore surface area 
and micropore volume are estimated by the t-plot method.  
 
2.2.3 Scanning electron microscopy 
Scanning electron microscopy (SEM) can produce high resolution images of the 
sample [4]. The SEM images give characteristic three-dimensional appearance 
and are useful for judging the surface structure of the sample. In the scanning 
electron microscope, electron beams were generated in the vacuum system. This 
beam is collimated by electromagnetic condenser lenses, focused by an objective 
lens, and scanned across the surface of the sample by electromagnetic deflection 
coils. The beam can induce secondary electrons to be formed by the sample. 
These secondary electrons are detected by a scintillation material that produces a 
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flash of light for each electron. The light flashes are then detected and amplified 
by a photomultiplier tube. By correlating the sample scan position with the 
resulting signal, an image can be formed. The illumination and shadowing shows 
a quite natural looking surface topography.  
In this study, the SEM was used to explore the homogeneity and morphology 
of the samples. The SEM images were obtained on a JEOL JSM-5200 microscope 
using 15 kV electron beam. 
2.2.4 UV-vis diffuse reflectance spectroscopy 
UV-vis DRS is one of spectroscopic techniques with broad adoption. It is based 
on the reflection of light in the UV, visible and near-infrared region by solid 
sample which is related to its electronic structure and domain size. 
Upon irradiation, the incident beam is partially absorbed by surface grains, 
while others are reflected into the outer sphere. The scattered radiation is 
collected and detected.  The Kubelka-Munk function for infinitely thick samples 
relates the diffuse reflection of the sample (R∞) to the absorption coefficient (α) 
and scattering coefficient (S) [5]. The scattering coefficient is assumed to be a 















   
The energy dependence of the absorption coefficient () for semiconductors 






Eh g )( 
  where h is the 
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energy of the incident photon,  = ½ or 2 for direct or indirect-allowed electron 
transitions, respectively. Hence, by plotting (F(R∞)•hν)
1/η
 vs hν and using different 
 to get the best fit for a linear plot, the direct or indirect nature of the electronic 
transition can be deduced. Furthermore, the intercept of the line with the x-axis 
gives the band gap, Eg.  
In this research, the diffuse reflectance spectra were measured using a 
Shimadzu UV-2450 UV-Visible spectrophotometer with diffuse reflectance 
accessory ISR-240A. BaSO4 was used as the reflection standard. The band gaps 




versus the energy of light for direct band 
gap semiconductors or the plot of F(R∞)•hν)
1/2
 vs hν for indirect band gap 
semiconductors. 
 
2.3 Photocatalytic activity of the catalysts 
Photocatalytic activities of the samples were evaluated by the degradation of 
Rhodamine-B under visible light. In the experiment, 0.1 g of the catalyst sample 
was added into 100 mL of Rhodamine-B solution (20 g/L) placed in a cylindrical 
glass reactor. The solution was stirred for one hour in the dark to reach adsorption 
equilibrium between the catalyst and the solution. After one hour’s stirring, the 
solution was exposed to visible light irradiation from a 15 W Philips lamp. 2 mL 
of the suspension was collected at predetermined time intervals for analysis using 
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a UV-vis spectrophotometer (Shimadzu UV-1601). The conversion was 






o   
where Ao is the absorbance after equilibration in the dark and A is the absorbance 
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Chapter 3  
Preparation of highly pure BiVO4 and applications in the 
degradation of RhB in visible light 
3.1 Catalyst characterization 
3.1.1 BiVO4 synthesized by BiCl3 and NH4VO3 
XRD results  
BiVO4 was prepared by BiCl3 and NH4VO3 and the pH was adjusted to 6.15 by 
adding triethanolamine. After hydrothermal treatment for 12 h, the sample 
consisted of BiOCl and BiVO4. The formation of BiOCl can be explained by  
hydrolysis of BiCl3. Prolonging the hydrothermal treatment from 12 to 24 h 
resulted in even more BiOCl.  
According to ref. [1], 0.5 mL of ethanolamine was added to adjust the pH to 
6.15. However, when this was carried out, the pH was 2.46 and not 6.15. Hence, 
in one experiment, more ethanolamine was added until the pH reached at 6.15. 
This was compared with one where no ethanolamine was added (sample 2.32-pH). 
All the samples were heated hydrothermally at 160 C for 12 h.  
Fig. 3-2 showed that all samples still contained BiOCl after the hydrothermal 
synthesis. The higher the pH, the more BiOCl was present. The BiVO4/BiOCl 
ratio was highest for the sample prepared at pH 2.32. Hence, a low pH of 2.32 




Fig. 3-1. XRD of BiVO4 samples hydrothermally synthesized for (a) 12 and     




Fig. 3-2. XRD of BiVO4 samples hydrothermally synthesized at (a) pH=2.32 
(b) pH=2.46 (c) pH=4.3 and (d) pH=6.15. (•) BiVO4; (⁰) BiOCl. 
 
 
The effect of temperature on the synthesis of BiVO4 was studied. The 









































































































































































have been reported. In this study, the samples were hydrothermally heated at 
pH=2.32 for 12 h at 110 °C and 160 C. No ethanolamine was added. The sample 
formed after hydrothermal treatment at 110 C resulted in almost pure BiVO4 
phase (Fig. 3-3). Furthermore, the intensity for the (040) reflection of BiVO4 was 
high, indicating that the crystallites with (040) facets are formed. In comparison, 
the sample prepared at 160 °C contained some BiOCl. Furthermore, the ratio of 
the (040)/(121) was lower, showing that the crystallites had less exposed (040) 
planes. BiVO4 nanoplates with exposed (040) facets are report to exhibit greatly 
enhanced activity in the photodegradation of organic contaminants and in the 







 ions are found on the (121) planes (Fig. 3-4). 
 
 
Fig. 3-3. XRD of BiVO4 samples hydrothermally synthesized at (a) 110 °C and  























































































Fig. 3-4. Crystal planes (a) (040) and (b) (121) of BiVO4. 
 
UV-Vis diffuse reflectance spectroscopy 
From the UV-visible diffuse reflectance spectra, the prepared BiVO4 absorbed 
from 200 to 800 nm (Figs. 3-5 to 3-7). Its absorption above 400 nm makes it 
visible light active. Irrespective of the different synthesis conditions, the 
absorption edge is at about ~ 500 nm. For BiVO4 which is a direct band gap 
semiconductor, a plot of [F(R)•h]
2
 against the photon energy, h, was made. The 
intercept of the tangent with the x-axis gives the value of the band gap. For BiVO4 





Fig. 3-5. Absorption spectra and Kubelka-Munk plots for BiVO4 samples 












Fig. 3-6. Absorption spectra and Kubelka-Munk plots for BiVO4 samples 
hydrothermally synthesized at (a) pH 2.32 (b) pH 2.46 (c) pH 4.3 and (d) pH 6.15.   
 
 
Fig. 3-7. Absorption spectra and Kubelka-Munk plots for BiVO4 samples 











































































































































Table. 3-1. Band gap of BiVO4 samples with different synthesis parameters 
 
Sample Band gap (eV) 
160 C; pH 6.15; 12 h 2.51 
160 °C; pH 6.15; 24 h 2.49 
160 °C; pH 4.3; 12 h 2.50 
160 °C; pH 2.46; 12 h 2.52 
160 °C; pH 2.32; 12 h 2.52 
110 °C; pH 2.32; 12 h 2.49 
 
 
3.1.2 BiVO4 synthesized by Bi(NO3)3 and NH4VO3 
As the BiVO4 synthesized using BiCl3 gave BiOCl as an impurity, Bi(NO3)3 was 
used as a starting material instead. Ethanolamine (1 M, 0.5 ml) and aqueous 
ammonia were added to the suspension to maintain the pH at 2. The hydrothermal 
time was 24 h. 
Variation of hydrothermal temperatures 
The temperature for hydrothermal synthesis was varied from 140 °C to 
200 °C. The XRD results show that pure BiVO4 can be obtained using Bi(NO3)3 
instead of BiCl3 (Fig. 3-8). However, the hydrothermal temperature affects the 
phase of BiVO4 obtained. The preparation with 140 °C resulted in monoclinic and 
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tetragonal BiVO4. However, using a higher temperature of 160 °C and 200 °C, 




Fig. 3-8. XRD of BiVO4 samples hydrothermally synthesized at (a) 140 °C, 
(b) 160 °C and (c) 200 °C. (•) monoclinic-BiVO4; (◊) tetragonal-BiOCl.  
 
 
The BiVO4 formed by hydrothermal synthesis at 140 °C was calcined to 
higher temperatures (Fig. 3-9). The tetragonal phase was present even after 
calcination to 350 °C. Only after calcination to 425 °C was the pure monoclinic 
BiVO4 formed. This agrees with the temperature range for transformation of 

















































































Fig. 3-9. XRD of BiVO4 samples synthesized at (a) 140 °C and calcined at 




Table. 3-2. Ratio of (040)/(121) peak area of BiVO4 from hydrothermal synthesis  








140°C 1.202 0.190 
160°C 0.369 0.343 
200°C 0.159 0.353 
 
The effect of hydrothermal temperature on the (040)/(121) planes was 
evaluated from the peak areas (Table 3-2). The sample obtained after 




















































































With higher hydrothermal temperatures, the ratio of (040)/(121) peak area 
decreased.  
The SEM results (Fig. 3-10) show that the 140 °C-sample was composed of 
irregularly shaped squarish and rodlike particles, of ~ 1 µm.  The SEM of BiVO4 
synthesized at 160 °C showed that the sample formed mainly needles of ~ 0.2 µm 
diameter and 1-2 µm length. From XRD results the (040)/(121) ratio fell to 0.369 
showing that fewer (040) planes were exposed. With an even higher temperature 
of 200 °C for the hydrothermal synthesis, the crystallites formed were bigger, ~2 
– 5 µm. They were more regularly shaped crystals with well-defined facets. 
However, the (040)/(121) ratio was even lower, 0.159. After calcination at 425 °C, 
the 140 °C sample showed that small crystallites were formed at the surface of the 
grains. These may be associated with the transformation from the tetragonal to the 
monoclinic phase. For the 160 °C sample, calcination did not change the 
morphology of the needles although the needles appeared to fuse together. The 





Fig. 3-10. SEM images of BiVO4 prepared at (a) 140 °C (b) 140 °C and calcined 












Fig. 3-11. Nitrogen adsorption–desorption isotherms of BiVO4 samples 
hydrothermally synthesized at different temperatures. 
 
 
Fig. 3-12. Nitrogen adsorption–desorption isotherms of BiVO4 synthesized at 
140 °C (before and after calcination). 
 
Table. 3-3.  Surface area of BiVO4  prepared at different hydrothermal 




Surface area (m2/g) 
As-synthesised 
Surface area (m2/g) 
calcined 
140°C 2.20 0.93 











































































bivo4 140℃ cal 
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200°C 1.35 0.28 
 
The surface area was obtained from nitrogen adsorption measurements. From 
the N2 isotherms of BiVO4 synthesized at 140, 160 and 200 °C, it can be seen that 
the samples are basically non-porous (Figs. 3-11 and 3-12). The BiVO4 formed 




 (Table.3-3). After calcination to 425 °C 
for 6 h, the surface area was further reduced.   
Different amounts of ethanolamine were added into the preparation of BiVO4, 
but the addition of ethanolamine had no significant effect on preferential 
formation of the (040) crystal plane. Hence, aqueous ammonia was added in the 
adjustment of pH instead of ethanolamine.   
 
Variation of pH during hydrothermal synthesis 
The pH of the suspension was varied from 2 to 6 by adding only aqueous 
ammonia. No ethanolamine was added. The hydrothermal treatment was 





Fig. 3-13. XRD of BiVO4 samples synthesized at (a) pH 2, (b) pH 4 (c) pH 6.  
(•) monoclinic-BiVO4. 
 
Irrespective of the synthesis pH, only scheelite monoclinic BiVO4 was 
formed. The (040) peak was highest for the pH 2 sample (Table 3-4). Increasing 
the synthesis pH led to a smaller (040)/(121) ratio. 
 














































































Fig.3-14. SEM images of BiVO4 prepared at (a) pH 2 (b) pH 4 and (c) pH6. 
 
From scanning electron microscopy, the BiVO4 samples prepared at pH 2 and 
pH 4 were dendritic with leaf-like structure (Fig. 3-13). The dendrites were ~ 1 – 
2 µm in length and 0.1 – 0.2 µm thickness. These were attached to a central stalk 
which was thicker, ~ 0.3 – 0.5 µm in width. The sample with pH=6 showed 
rounder rod-like shapes of 1 µm length and 0.3 µm thickness.  
From the N2 isotherms (Fig. 3-14), the adsorption was higher for the pH 2 




 (Table 3-5). In 











 Fig. 3-15. Nitrogen adsorption–desorption isotherms of BiVO4 synthesized at 
different pH. 
 















3.2 Photoactivity of BiVO4 in the degradation of Rhodamine B 
Rhodamine B (RhB) has the structure shown in Fig. 3-15. It contains N-ethyl 
groups at either side of the xanthene ring and its characteristic absorption band is 
at 554 nm. During photodegradation, the intensity of this band decreased with a 
concomitant shift to smaller wavelengths. This shift has been attributed to the 
formation of N-deethylated intermediates of RhB [5]. The decrease in the 
absorption band at 554 nm has been attributed to breakup of the conjugated 


















































Fig. 3-16. UV spectra of RhB during photodegradation. 
 
Effect of BiOCl/BiVO4 
BiVO4 prepared using BiCl3 contained BiOCl as an impurity. The 
photodegradation activity for Rhodamine B (RhB) was lower for BiVO4 
hydrothermally synthesized for 24 h instead of 12 h (Fig. 3-16). The 24 h-sample 
contained a higher BiOCl/BiVO4 content than the 12 h sample. Similarly, the 
BiVO4 that was prepared by hydrothermal synthesis at 110 °C had very little 
BiOCl phase and was more active than that synthesized at 160 °C (Fig. 3-17). 
After 6 h, the conversion was 50 % as compared to only 20 % for the 160 °C 
sample. Moreover, over this sample, the photodegradation levelled off after 2 h, 
suggesting that the catalyst was poisoned. This could be due to stronger 
adsorption of RhB at the surface of the photocatalyst. The amount of RhB 
























contrast there was no significant RhB adsorption for the photocatalyst synthesized 
at 110 °C. The enhanced adsorption of RhB could be due to the presence of BiOCl 









Fig. 3-17. Photocatalytic activity of BiVO4 samples hydrothermally synthesized 














Fig. 3-18. Photocatalytic activity of BiVO4 samples hydrothermally synthesized at 
at 110 °C and 160 °C. 
 
 
BiVO4 prepared at 140 °C contained both tetragonal and scheelite monoclinic 
phases. The photodegradation activity for Rhodamine B (RhB) over BiVO4 
hydrothermally synthesized at 140 °C and 160 °C was about twice that of the 
sample synthesized at 200 °C (Table 3-6). After calcination at 425 °C, the 











































the activity was lower than the uncalcined samples. This suggests that having the 
monoclinic structure may not be as important for photocatalytic activity as the 
surface area. After calcination at 425 °C, the surface area of BiVO4 is smaller due 
to grain growth.   
 
Table 3-6. Photodegradation activity of BiVO4 prepared under different 





Conversion  (%) 
Calcined 
Conversion (%) 
140°C 2 18.1 7.2 
160°C 2 19.3 7.0 
200°C 2 11.4 9.7 
 
In the following preparation based on different pH, no ethanolamine was 
added.  Instead, only aqueous ammonia was added to adjust the pH. The samples 








Fig. 3-19. Photocatalytic activity of BiVO4 samples hydrothermally synthesized 




























BiVO4 prepared at pH 6 showed the highest photocatalytic degradation for 
RhB. After 8 h, the conversion was 93 %. Samples prepared at pH 2 and 4 
showed slightly lower photoactivity with 72 and 88 % conversion, respectively. 
Compared to BiVO4 prepared with ethanolamine, these samples were far more 
active. This could be due to the higher crystallinity of the samples formed using 
ammonia. It does not seem necessary to have platelets with exposed (040) planes 
for photoactivity. Indeed, the sample prepared at pH 6 comprised of short rods 
with few (040) planes.  
 
3.3 Conclusion 
The use of BiCl3 and NH4VO3 were starting materials formed BiVO4 with BiOCl 
as an impurity. It was found that with a shorter hydrothermal treatment of 12 h 
gave less BiOCl than 24 h. Other factors that reduced the formation of BiOCl 
include an acidic pH of 2.32 and a lower hydrothermal temperature of 110 °C 
instead of 160 °C.  Under such conditions, almost pure BiVO4 phase could be 
obtained. However, the sample showed low photocatalytic activity for RhB 
degradation.  
Changing the bismuth source from BiCl3 to Bi(NO3)3 resulted in pure BiVO4. 
However, a higher hydrothermal temperature was necessary. After hydrothermal 
treatment at 140 °C, both tetragonal and monoclinic BiVO4 was formed. Thermal 
treatment at 425 °C for 6 h was necessary to transform the tetragonal phase to the 
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monoclinic form. To synthesize pure BiVO4, the hydrothermal temperature must 
be at least 160 °C. However, the BiVO4 formed by hydrothermal treatment at 
200 °C showed lower photocatalytic activity. The use of ammonia to adjust the 
pH resulted in highly crystalline BiVO4 that showed far better photoactivity than 
those formed using ethanolamine. The sample prepared at pH 6 was the most 
active for photodegradation of RhB.  The results showed that (040) planes were 
not necessary for high photocatalytic activity.  
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